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1. Introduction

It was the technical aim of this work to investigate by
nanosecond and sub-nanosecond time-resolved fluorescence and
fluorescence anisotropy techniques the interactions between
chromophores in poly(vinyl aromatic) polymers, the sub-group
motion of such polymers, and energy migration in these systems.
It was envisaged that studies on polymers in dilute solution
would be completed, and extended to concentrated solutions, solid
polymers, and where feasible, polymer melts.

In dilute fluid solution, we have carried out an extensive
study of styrene containing polymers and copolymers, reported
below, in which excimer formation is related to excitation
migration and segmental motion. Some steady-state anisotropy
measurements were also made.

In solid state, very extensive studies on the fluorescence
of poly(diacetylene) polymers were made, again with particular
emphasis on exciton diffusion in ordered crystals, and disordered
polymers in solvent glasses at low temperatures.

A major experimental objective of the work was to design
apparatus capable of very accurate measurements of time-resolved
fluorescence anisotropy of 'labelled' synthetic polymers. This
proved to 1)e difficult, but was eventually achieved, and the
equipment was used to study the vinyl aromatic tagged acrylic
polymers in dilute and concentrated solution which was proposed
original ly.

'lhe results achieved are discussed in detail below.
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2. Expterimenital methods used

The experiments were carried out using two pieces of
apparatus in which pulsed laser excitation was used to excite
fluorescence in a sample, which was monitored using the well-
tried technique of time-correlated single-photon counting[1I.

System 1(2]

In this system, shown in Figure 1, the excitation source was
a 4W Argoni-ion laser (Spectra Physics 166) operated as a cavity-
dumped only device. The resultant pulses wore approximately I.Ons
full width at half max imum intensity (MWIN) and at repetition
rates variahle from single to 5MI1h. Although these pulses are
broadh, Lte systemn has been shown to extract suhoanosecond
II unrescetice l ifetines with coonfidence. Tuning of the output
wnvolefigtlh of the laser using ouj i utracavity prism, enohieti

pused out put of most of thle Argon-ion 'las jog' lines- (514.5,
0 51.7, 1,96.5, 68i8.0, 476.5, 472.7, 465.,'59+445,

437.1los). For excitation of the samples tinder study, it. was
necessary to frequeccy doub1)le the 514. Sum output to 2S7. S)5nm in
order to obt ain the desired wavelIength. This was accomplished by
focuss inrg the outptot of the laser to a hennm waist at the, centre
of a tpraur- ndnon-Ilinear crystal (ADP) (Cohlerent model
44(0 ff generator ).

, h i s io n la s e r w a" s o p o r aoet aIs aI c ay it % .- thin tiped o ni N vt ixi c c
is tie elecrortics were not stifficietity stable to siitiitarreotilyI
mode-lock indl cavity (lush, al though itse( of ant rf tvit lisiser
(Focal Paina 80,92) etiibl it to lie sujcces;sful ly siode-Iocked,
syricII rnisalt lont Wi ti tilie cavily thittier provedl tiiN-csfil.Sw
ci oct mit ics are current Iv ll" ibuilt to ort tittu thtis it lil em.
It Thou Id al1so hie noutted t hat, this sys I iiiso maule r( pruor to

it eger +f U/) t echitologv, t hits eoei when 1(1111 wntrtking , 11(110
supiressititi vill lie a prolemi, ese:i i y s Ilie Cat' it V I gi th
is shIorter aitil henc Ilitotl-jl~otl lii 500 are- i'vrei close;(r
tugetiter (10nis). lit this III('t li mole- i- Io r I i'1 utotucv,

48, 5NIIz, is h/8th iof the civitl tv ili- ft euieutt v, wit l ite, pit
1 
se

repetit ion freiiocy rolatI~ oi ithei,re Wa~a rcvctp vyi
rates uif 4.85"5hlz, liitKll;, etc_. "elteuet iI lie peel ra
Phtysics 460 tir i vr withi aI Pithoreuti/1ia rho ii inl ti l pidi oila
diiffereut rouige of repel i t ion ril es ( I.P~~z 70ttttll, (I C ) rel atedl
to te Itohuerenlt, CR I9 lor , o 'era, i rip wit i Ir; modie I~fiii lIe
freqtiency of '38. 5Mhz, (1I /lti oif Ihe cot' i I y louver I reiltietic )

Thle mtaijtr p lrt fit es i lt I I I is c -5 tt n: lierz;0t i tug i itI i s
Collifi iirnt ioni, i'4 t lie 4t trct tire wi ii 1 11 li ho r?i It Vlt impiult
eruve lope. [is systont hlts bteent oliorat et prey tutu V il i t toe
c avit y diiuper in a (.W dyeo loser. lliwoxor, hy ottoa I I oi jltitu'torts
of thle Briog ((eIl, el itiitition if tHie 5 Iritctutre pastossibule,
issomeil to lie ftine to doluliasinrg of the two ilter fociltip' itottis . 'IP
temporail reso lot i ott of t hi s sic:t~te rwas aloh lotwuer antd thus
withI the iticruaset resioti tion of thle prrescrit. shiect rointetr the
structure 0lieanie tuttre of a iolhorn. Fi grre 2s, sqhows aI cavit I-
ld tntupodh Il I sr uhtec t ed iS i ig thfe 1(101t oi c olunt i rig lel o t Bourr i ('11tt,
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Figure 2 Cavity dumped pulses detected using single-photon

detection
(a) Double pass configuration
(b) Single pass configuration

demonstrating the structure within the pulse. Using the
aforementioned 'dephasing' technique was both difficult and
unreliable. Figure 2b shows another pulse detected under the
same conditions as previously but here the structure has been
removed successfully by eliminating the first diffracted beam and
thus avoiding interference of the two output beams. This method
proved far superior and was now adopted for general use.

System 2[2]

The second system shown in Figure 3 compromised an activity
mode-locked (Spectra Physics 342) 12W Argon-ion laser (Spectra
Physics 171), synchronously pumping a Rhodamine 6G dye laser
(Spectra Physics 375) with an intracavity dumper (Spectra Physics
344). Pulses produced *were lOps FWIIM and at repetition rates
variable from single shot to 4HZ 'lasing' of Rh)damine 6G was
possible over the wavelength range of 570-620nm and selection of
the desired wavelength was achieved using a dielectronically
coated tuning wedge. This wavelength range was unsuitable for
the molecules of interest and thus frequency doubling was also
applied here, using an angle-tuned ADP crystal (JK Lasers Ltd).
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The detection electronics of both systems were identical in
operation but differed in models used. The make and models
quoted below in parenthesis are for the System 1 and System 2
laser systems, respectively.

Solution-phase samples were contained in icm3 suprasil
quartz cuvettes with facilities for degassing by the freeze-pump-
thaw technique. Fluorescence was monitored perpendicular to the
direction of excitation, by focusing the light using a 3cm focal
length lens on to the slits of a high resolution monochromator
(Rank-Precision Monospek 1000, Rank-Precision D330).
Fluorescence was detected using a fast photomultiplier (PM) tube
(Philips 56DUVP, Philips XP202OQ) wired for single-photon
counting and biased at 2.3KV by a Farnell E2 stablised power
supply. The output signal from the PM tube was fed to a constant
fraction discriminator (Ortec 463, Ortec 934), the output of
which was then delayed (to centralise decay on screen of MCA)
using nanosecond delay lines (S.E.N. FE290, Ortec 425A) and
applied to the START input of the time-to-amplitude converter
(TAC) (Ortec 437A/467, Ortec 457). In the conventional set up
this is the STOP input, however, owing to the high repetition
rate of the laser, an inverted mode of TAC operation is employed.
The STOP input to the TAC was obtained from a TTL signal from the
rear of the cavity-dumper driver (Spectra Physics 466/}Harris 101;
Spectra Physics 454) which is synchronised with tile cavity-dumper
drive signal. No difference was observed in using this method in
place of the conventional technique of using a photodiode, and was
thus used for convenience.

The output voltage from the TAC was fed to the MCA (Northern
NS600/Norland Inotech 5300, Canberra series 30) operating in the
pulse-height analysis mode. One half of the memory (256/512, 512
channels) used to store the fluorescence decay, and the other
half to store the instrument response function. Data was
collected to a minimum of 30000 counts in the channel of maximum
intensity in order to obtain a good signal-to-noise ratio, which
is required to justify the use of complex fitting functions. The
TAC range was chosen to allow the fluorescence intensity to decay
through at least three decades of intensity and thus prevent
omission of any long lived fluorescence species.

Data was transferred to a Perkin-Elmer 7/32C minicomputer
and then analysed using an iterative, non-linear least squares
reconvolution program, written in Fortran 4.

Analysis of data is discussed in the relevant sections
below, and in Appendix 1. The use of tile apparatus to make time-
resolved anisotropy measurements is discussed in Appendix 11.



3. Luminescence of poly(styrene) and copolymers

Poly(styrene) is a characteristic vinyl aromatic polymer in
that it exhibits strong excimer fluorescence, an excimer being
an excited state dimer, the formation and decay of which follows
the Birks kinetic Scheme 1 for free chromophores in solution[3].
For the case of vinyl(naphthalenes) we showed in earlier work[4-
7] on the basis of analysis of monomer fluorescence that Scheme 2
was most compatible with the observations. The results were
based upon the empirical fitting of fluorescence decay curves to
a sum of three weighted exponentials, and have been criticized on
the grounds that more complex mathematical models can in some
circumstances be mimicked by three exponential terms (i.e., a six
parameter fit)[lO]. We have responded to these criticisms in a
recent article reproduced here as Appendix I. We believe in
particular that the methods of analysis used here are
particularly valid in the case of poly(styrenes), and we thus
present here our conclusions based upon this analysis, the basis
of which is outlined below.

M ) k k D k D 2I I FO
M+hvM  2M+hvD

Scheme 1 Kinetic scheme for excimer formation and decay
after Birks

M

M* kt kM D

kIM kt kM kF |D

M+tr M Mthu M 2Mhv 2M

Scheme 2 Possible scheme for excimer kinetics in
copolymers of vinyl(naphthalene)

Scheme 2

In this photophysical scheme it is proposed that H and D*
interact by an exciton diffusion mechanism. M2* is considered to
be an isolated naphthalene chromophore which can transfer energy
into H I* with a transfer rate characterised by the rate
coefficient kt. Reverse transfer from M. * to M * is considered
unimportant for the following reason. Exciton giffusion is
expected to be very efficient within sequences of naphthalene

9



chromophores within the chain, comprising the M * sites. In

view of the reduced lifetime of 11 * relative to M2* and of the
delocalised nature of the energy within extended chromophore
sequences which increases the effective separation of M * and

N 2" ' m I* to MN* energy transfer by Foster or Dexter meciianisms is

dimished rela ive to the M 2* to MI* process.

Analysis of results

In Scheme 2 the emissions from N,* and 2 * will be2
spectrally indistinguishable and if i is assumed that

kM  k FM + k M (1)

is identical for each species, then the decay profiles ilM(t) and
iD(t) recorded for monomer and excimer, respectively, may be
derived as

iM (t) = A1 exp(-X
1
t) + A2 exp(- 2 t) + A3 exp(-

1
3t) (2)

and

iD(t) = A4 exp(-XIt) + A5 exp (-X2 t) + A6 exp(--3t) (3)

where

A1,2 = 1/2[(X + Y) + {(Y - X)
2 

+ 4kMD k DM[,]/2] (4)

and

= kDM [N],

where

kD - k n.+ kTD

a d

X 1 X2 = N'M + 1DM NJM -,- kD , k 1jl) (5)

-nd

X3 = + 1M f-r S-he"e 2 (6)

Fquntion (2) i
- 
compatible with #he nbs-rvwtion of tr

4
pl-

co-ponents in thp deray nf monomer flunrescence in all polymers
studied. The model may.thus be used to yield rate-constantq in

the following way.

Determination of rate coefficients

For low molar mass species in which intermolecular excimer

formation results from a diffusion controlled interaction,
individual rate parameters may be determined by the following

methods, summarised in Table 1.

10



(1) From a study of the concentration dependence of X and

X2 rate parameters may be extracted from the
empirical data by a variety of extrapolation techniques.

(a) kM may be estimated from the unquenches monomer
lifetime.

(b) Since X I kI as [M] - 0, k.M may be estimated from the
intercept of X as a function of [M].

(c) Since (A + s [ oM kl keDM is conveniently
estimated as ti e slope of plot of (X + X ) against [M].

(d) As [M] - -, 2 / [M] -  kDM; k ... may be otained, as an
alternative to mthod (c), froin a plot of X2 as a
function of [v.]

- .

(e) Since (X + X ) - k,, + k + k1) as [M] + 0 the
intercep of X +2 against [M] may be used in
combination wit (a)or (b) or estimate (k +k

(f) Since ( I 2 k (ka + kD) as [M] 0 0 (kti + kD) may
he nternative to method (eY from a

plot of (A X,) as a function of [M] through substitution
of k from (a) or (b).

(g) The slope of vs. [H] furnishes kk. eThus kc)
may be estimate using the value of kDM ron either (C)
or (d).

(h) As [H] A , * k
(i) k,0 may be esimated by combinations of (e) and (f)

w1Yh (g) and (h).

The results obtained by these procedures on poly(styrene)
and copolymers with methyl methacrylate can be summarised as
follows.

Styrene homopolymers[12]

Fluorescence decay curves were recorded in the regions of
monomer emission (at 270 and 290nm), and excimer emission (at
3

4
Onm). The monomer decay i M(t) was poorly described by a single

exponential function but was well characterised by a dual
exponential fit of the form

i (t) = a exp(-t/a) + A1 exp(-t/Tb) (7)

where

A = 1.15 Ab = 0.004

T = 0.88 (+ 0. lOj)s b = 14.9 (+ 0.8)nsab

The excimer decay i (t) was poorly described by single and double
exponential fits. The inadequacy of the double exponential fit
may be due in part to instrumental distortion experienced in
analyses of emission data subject to large energy displacements
from that of excitation. However, analysis of the fluorescence

response excluding the rising portion of the decay profile
yielded a lifetime of 15.3 (+ 0.2)ns. This long decay time may

be assigned to that of the excimer consistent with a previous report.

11



Table 1 Procedures for derivation of rate constants

Method Procedure Function Derived parameter
derived

(a) Measurement of unquenched kM kM
monomer lifetimes

(b) Extrapolation of I to kM kM

[M] = 0

(c) A(1I + A) kDM kDM

aL n4]
(d) 112  kDIM as [M] k D k l)

(e) 0X + A,) -* k + kD + k D  kH + kD + k D  kD + k D  .a5 (x[1, k Dn 0y combination

with (a) or (b)

M 0X kM(kMD1 ) + kD) as k1M(kM 1) + kD)) kHD + kDLMI - 0 y Con]bnation
[lul 0with (a) or (b)

(g) by( ) = k combination
aLH] with (c) or (d)

(h) -1 k D as [H] - D  k D

(i) (e) or (f) plus (g) or (h) k k

Consideration of the relative magnitudes of the pre-
exponential factors A and Ab and decay times Ta and r (equation
7) reveals that the subnanosecond component dominates [he
fluorescence decay (constituting 94.4% of the emission profile).
Comparison of T, with the value obtained for that of the excimer
described above indicates that T may be associated with the
excimer dissociation to produce excited state monomer. Hence in
contrast with previous reports the reverse dissociation pathway,
although of rather minor significance, is not completely absent.
Conclusive evidence of this fact is provided by the time resolved
emission spectra presented in Figure 4.

The early gated spectra are dominated by monomer
fluorescence. However, as the time interval, At, between
excitation and analysis is increased the relative proportion of
excimer to monomer, i/i m, is observed to increase. This is
consistent with the o servation of a longer lived excimer and
with the proposition that excimer may be generated from excited
state monomer. More importantly it should be noted that in the
late gated spectra, sampled at times at which emission from

12
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Figure 4 Time resolved fluorescence spectra of
poly(styrene) in degassed dichloromethane recorded at delays
of (a) Ons; (b) 3.8ns; (c) 7.7as; (d) 11.5ns; (e) 15.4ns;
(f) 19.3ns; (g) 28.8ns; (h) 38.4ns following excitation. A
gate width of 3.2ns was used throughout.

directly excited monomer would not be extant a small contribution
from monomer emission is observable. Additionally the ratio
ii} 1AHtends to a constant value at long times indicative that the
monomer emission observed in these spectra results from reverse
dissociation of excimer.

The principal differences between the photophysical
behaviour of poly(styrene) and poly(vinyl naphthalene)[5] or
poly(l-naphthylmethacrylate)[8] are that (i) in the poly(styrene)
homopolymer monomer the emission decay is well described by a
dual exponential function. Consequently there is no evidence in
these dates for the presence of an 'isolated' monomer as
postulated to explain the triple exponential fits in naphthalene
containing polymers. (ii) The reverse dissociation of excimer

13



appears to be of less importance in poly(styrene) than in the

polymers bearing naphthyl chromophores.

Styrene-methyl methacrylate-copolymers[12]

Table 2 lists the parameters governing polymer

microcomposition necessary for the description of the

photophysical behaviour of the copolymers. The derivation and
significance of the functions f (mole fraction of aromatic) f

(fraction of bonds between styrene derived species) and 1 (mean
sequence length of aromatic in the copolymers) have been

discussed in paper 12 listed in this report.

As with the homopolymer fluorescence decay curves were
recorded in the spectral regions corresponding to monomer and
excimer fluorescence. The emission intensity decay of the
excimer could not be described well by single or dual exponential

functions. Triple exponential fitting is not justified due to
uncertainties introduced by instrumental distortions consequent
upon large spectral displacements from the excitation wavelength.

Consequently, excimer 'lifetimes', T , were obtained by a similar
'tail fitting' treatment as describes for the homopolymer and are

collated in Table 3.

Table 2 Composition data for Styrene-methylmethacrylate

copolymers

Sample f f

1 0.04 0.000 1.01

2 0.17 0.009 1.05

3 0.28 0.400 1.13

4 0.36 0.057 1.25

5 0.46 0.132 1.36

6 0.49 0.163 1.54

7 0.60 0.286 1.87

8 0.66 0.375 2.31

9 0.75 * 0.518 3.26

10 0.87 0.737 6.73

11 0.94 0.891 18.00

14



Table 3 Decay data for Styrene-methylmethacrylate copolymers

Sample A T /ns A T/ns A3  I3 /ns t,/ns

1 0.018 7.91 0.165 21.63

2 0.017 8.80 0.146 22.51

3 0.033 5.28 0.154 19.51

4 0.062 4.88 0.143 17.74

5 0.109 4.77 0.124 14.00 17.16

6 0.130 4.37 0.115 13.54 16.26

7 0.026 15.9 0.162 2.4(8) 0.127 7.80 15.89

8 0.010 15.3 0.287 1.8(4) 0.147 5.70 15.47

9 0.011 15.2 0.297 1.3(6) 0.119 4.20 15.33

10 0.009 16.7 1.090 0.8(5) 0.031 2.4(1) 14.19

11 0.006 14.6 0.648 0.9(4) 0.183 2.0(9) 15.28

The time dependence of fluorescence intensity in the region
of monomer emission iM(t) could not be adequately characterised
in terms of a single exponential function for any composition of
styrene examined. In the lower styrene composition range
(samples 1-6; styrene content 4-49%) i M (t) was well described by
a dual exponential function of the form of equation (7).
However, at aromatic contents of 60 mole % and greater it was
necessary to invoke triple exponential functions of the form

i M (t) = aI exp(-t/Tl) + A2 exp(-t/T 2 ) + A3 exp(t/1 3 ) (8)

The data are shown in Table 3. Interpretation of these results
with reference to Scheme 2 yields the rate coefficients given in
Table 4. The results are described in full elsewhere[12], but
the main conclusions reached are:-

(1) It is apparent that the mechanism proposed for the
description of intramolecular excimer formatio in
naphthalene-containing polymers is a feasible kinetic scheme
for the phenomena in macromolecules containing styrene.
(2) The photophysical behaviour of poly(styrene) is
different from that of the homopolymers of the
vinylnaphthalenes and 1-napthyl methacryacrylate. It would
appear that in poly(styrene) there is no detectable
influence from 'isolated' monomeric groups, M
Consequently it may be inferred that M 2* sites in styrene
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copolymers are associated with physically isolated
chromophores. In naphthalene polymers M 2* sites are evident in

Table 4 Rate coefficients for Styrene-methy] methacrylate
copolymers derived by procedures listed in Table 1

-7i-

Rate coefficient Value/lO
- 7 

s Method

k 8.74 (a)

6.0 (+ 1.0) (b)

ak DM 51.1 (+ 6.4) (c)

47.2 (+ 6.4) (d)

kMD + k 13.5 (+ 2.7) (e)

15.6 (+ 2.7) (f)

kD  6.9 (+ 1.0) (g)

6.9 (+ 0.5) (h)

kMD 7.7 (+ 2.0) (i)

the absence of 'spectroscopic spacers' and can be associated
with species whose kinetic isolation is not soly consequent
upon separation from similar chromophores.
(3) Population of excited state monomers by reverse
dissociation of excimer does occur in poly(styrene).

Styrene acrylonitrile copolymers

A series of styrene-acrylonitrile copolymers, of composition
shown in Table 5 has been the subject of a similar investigation.
Res-'its will be reported in full elsewhere|131, and thus only a
digest of the work is given here. Thus we can compare the
tendency for excimer formation in the styrene-acryloniLtrile
copolymer series with that of the styrene-methyl methacrylate
series. This is hampered by the fact that the two copolymer
systems do not show the same function dependence of ll)/I upon
chain microcomposition. Hence a direct comparison is not
possible and simple comparison of the fI)/1M of two polymers of
the same mole fractioon.of chromophores is meaningless.

The series may however be compared in two ways.

(i) Tile styrene-acrylonitrile copolymer sample 1 (cf. Table 5)
has an fs of 0.49 and happens to have a similar D/I M to that of
a stryrene-methyl methacrylate copolymer of the same mole
fraction (Table 2). Comparison of the values of f for the twoSS
polymers, however, reveals that for the styrene-acrylonitrile
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copolymer f = 0.08 (Table 5) whereas for the styrene-met-hyl
methacrylate copolymer f =s 0. 16[ 121 illustrating the greater
facility for excimer formation in the acrylonitrile copolymner series.

Table 5 Styrene-acrylonitrile copolymer niicroconiposition
data( 131

Copolymer F s f s f Ss P s I

10.295 0.49 0.08 0.17 1.20

2 0.404 0.55 0.13 0.24 1.32

3 0.434 0.56 0.13 0.23 1.30

4 0.602 0.62 0.24 0.39 ).64

5 0.621 0.63 0.25 0.40 1.65

6 0.739 0.64 0.32 0.51 2.04

7 0.743 0.65 0.32 0.49 1.97

8 0.844 0.69 0.42 0).61 2.58

9 0.882 0.68 0.38 0.56 2.27

10 0.925 0.80 0.62 0.77 4.4(0

(ii) Alternatively the extent of excimer formation may bp
compared for two polymers of similar micro-.compso;i lion. '111
styrene-acrylonitrile sample 9, f Is= 0.68 (T(able ')) has a very
similar chain microcomposition to that of the methyl met-harrylate
analogue of f s=0.66 (Table 2). Vor both polymers fS=()N
yet the value of 1 /f exhibited by the styrene-acryl ohi tr ill-
polymer exceeds that of its methyl methlacrylate colunterpart by a
factor of about 2.5.

Observation such as these demonstrate thfat the ef ficiency- of
excimer emission relative to mononmer is enhncued in the
acrylonitrile series compared to methyl metharrylate ropol vmers-.
Whilst it is very tempting to interpret these( trends iii terms of
reduced steric bulk of of the comonomer enlianc tog the energy
migration or the concentratijon of trap si tv q11(11 ef fec(ts ale not,
the only possible caulses of the observed trends. Fo, exaimple,
enhlanced deactivation of tile exc ited monomeric or d imeric state's
as a result of d ifferin envciv roniments tlhat the chironlopholres
experience in the two ropol ymeric systems cold alt-er the ratito
of 1 1)/1 I'lIn prioriple1, fl uorescence data obtained unde11r
tranlsient exci tationl coniion,; can considerahl y enhfanlce tie
steadly state ilnformat io 01 nd01 prov'idle furt her in format ion ill the-
role of the comonlomer ill rontro illn thle extent- to widi i l xci mer
emission is obiservedl in styrene copolymers. The results obtained
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polymer.
distinct incompatibility of the dual block copolymer data when
the overall styrene composition is considered (cf. Figure 5).
The derived decay parameters and their molecular weight
dependence allow firm conclusions to be reached regarding the
nature of tie kinetic sites and their mutual interactions.

The kinetic treatment outlined above has assumed that thie
dual decay parameter combination of X1 2 results from tle
existence of one excited monomeric spe~ies that is capable of
interacting to form an excimeric state. In this scheme the
longer decay time is consequent upon the feedback to excited
monomer through excimer dissociation.

The alternative interpretation which would be implied by the
suggestions of MacCailum[18,19] that kinetic discrimination is
resultant upon differences in compositional environment within
the chain may be discounted as discussed below. According to
thse arguments the dual-exponential decay in the region of
monomer emission would be ascribable to the decay of styryl units
located in environments of the type -SSS- and -BSS- i.e., at
sequence interiors and termimi, respectively. Furthermore, it is
assumed that excimer dissociation to excited monomer does not
occur. This model is not consistent with the observed
photophysical behaviour for the following reasons.

(1) Intuitively, it could be reasoned that if the
differences in kinetic activity of -SSS- and -hSS- are
solely the result of reduced probability of excimer
formation as a consequence of the 2:1 ratio of potential
excimer sites (and modification of rotational mobility by
differences in geometric constraints in the two tiiad
situations), the ratio of the two decay times would be much
greater than observed. In other words, it would he expected
to a fir'st approximation that given a value of ca, Ins for

X1 descriptive of -SSS- decay, X 2 for -ISS- triads would be
expected to have a value in the region of 2-3ns (provided k M
k ). Reference to the decay data of 'able 6 for these
block copolymers or those relirted for homopolyners and
random Styrene copolymers reveals that X in all instances
is much greater than X I and of tie orlet- of magni toule
observed for that of excimer from decay analysis in the

spectral region of excimer emission.
(2) Recent work ill which tie emission of styreone sequences
was quenched by intramolecular energ y accepters:, discussed
lelow, has shown that not only do two decay rates exist in
such a situation tfut that tle long-lived ellission is
unquenched. These observations wiuld not he ai'ticipailed
from the 1lacCal lure model since the eiids of sequence styrenie
chronophores are Located adjacent to tie energy traps.
Consequently, regardless of the mechanism of energy
quenching the terminal groups should be subject to severe
quenching as a result of considerations of distance arid long
unqenched Lifetime.
(3) The qualitative reasoning presented in (1) and (2)
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Figure 6 Plot of relative contributions of component 1 to
component 2 vs. ratio of mid groups to end groups in the
polymer

assessment of the model. If T and T2 are associated with
excited states of the type -SS. - and -SSB-, respectively,
then the relative contributions to the decay profiles, A
TI/AT2, should be directly proportional to the ratio of he
numer of styrene chromophores situated in -SSS- triads to
that in -BSS- triads. The data are Presented in Figure 6.
It is apparent that the relation between A1T1/A T2 and
NSss/N is characterised by an extremely Ilow &egree of
correla ion. Consequently, we have no evidence for the
kinetic discrimination between eycited monomeric sites in
styrene polymers which might be induced by differences in
location within the chain.

To summarise, we believe that the dual exponential decays
obtained in the region of monomer emission in styrene polymers
are not the result of the existence of two excited-state
monomeric species distinguished by microcompositional difference
but rather a consequence of the existence of two monomeric
excited states separated in lifetime through their mode of
creation: One state occurs as a result of energy absorption and
is quenched by excimer formation. The other excited state is
formed upon dissociation of the excimer. Both t values are
averaged quantities representative of the total assemblage of
excited-state chromophores within the system.

Following the above discussion it is possible 1:o reconsider
the nature of the molar mass dependence of excimer formation in
poly(styrene).

Reference to Figure 5 reveals that there are two distinct
kinetic regimes. Below ca. 25 styrene units, kDM[M] increases in
an almost linear fashion with increasing styrene content. Above
ca. 35 styrene units, the function kPM[M] becomes independent of
molar mass. Since we have shown thaU the results are
inconsistent with the existence of two kinetically distinct
excited monomeric species in these block copolymers, it is
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difficult to explain the form of the molecular weight dependence
without invoking the concept of energy migration.

The function kDM[M] is a composite term comprising a rate
coefficent k that will reflect contributions from exciton

migration anqmmicro-Brownian rotational motions of the
chormophoric groups. The concentration term [M] represents the
distribution of potential excimer sites within the diffusion
length of exciton. In the low molecular weight range the exciton
path length is defined by the chromophore block length and
consequently the kinetic behaviour is determined by the
concentration of potential excimer sites within the block. The
probability of energy trapping by an excimeric site is dictated
by the probability of excimer site creation, which, in turn,
depends upon the number of chromophore pairs within the block length.
Consequently, kDM[M] increases with styrene sequence length.

In the high molecular weight region k DM[M ] tends to a
constant value, which is indicative that once the styrene
sequence length exceeds ca. 35, the probability of energy
population of an excimer site is no longer dictated by the number
of chromophoric pairs. This implies that the energy is
delocalised over an average about 35 styrene units and is limited
to this extent by an energy trapping at excimer sites. Similar
considerations will apply to the dependence nf I/I. upon
molecular weight studied in steady-state excitatlon.

Electronic energy migration in poly(styrene)

The phenomenon of singlet energy migration in aromatic

polymers, with trapping at intramolecular low-energy impurity
sites, hais been the subject of several investigations in recent
years. No clear conclusion has been reached concerning the
nature of the energy transfer processes. Some authors have
suggested that transfer occurs mainly from the monomeric moiety
in he polymer, some have favoured a mechanism including successive
migration from monomer excimer guest, whilst others have proposed
schemes involving transfer from both monomer and excimer.

We have reported in detail results on a poly(styrene)
polymer[20] labelled with a copolymerised phenyl oxazole moiety.
Results are summarised in Figure 7, and are explicable in terms
of the kinetic scheme shown in Scheme 3, where S'* is the styrene
monomer, D* the styrene excimer, and P* the phenyl oxazole trap.
This kinetic scheme may be solved exactly to yield the fol]owing
forms for the decay of the monomer (is(t)), excimer (iD(t)) and
label (iP(t)):

is(t) = AI exp(-X 1 t) + A2 exp(-x 2 t) (9)

iD(t) = A3 [exp(- 2 t) - exp(-1t)] (10)

ip(t) = A4 exp(-AIt) + A5 exp(- 2 t) + A6 exp(-x 3 t) (11)

where
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A1, 2 =1/2[(X + Y + k + kPD) + {(X + kPS - Y - PD)2

+ 4k DS kSO112 ]  (12)

X = kS + kDS (13)

Y= kD + kSD (14)

X -k (15)

S kDS D*

Sk * P-* Dk SD

kS/ k \p kpD kD

Ikp

Scheme 3

The pre-exponential factors A., A 2 A 7 are complex functions
of the individual rate constants In the kinetic scheme together
with the initial excited-state concentrations.

The experimentally observed decay profiles recorded at 290

and 425nm (Figure 7) may be associated with the proposed decay
functions for S* and P* (equations (9) and (11), respectively).

The decay at 325nm will be described by a combination of

equations (10) and (11) due to the spectral overlap of excimer

and label fluorescence at this wavelength. Thus a triple

exponential decay scheme is predicted in good agreement with the

observed decay.

From equation (12) it may be shown that:

Xl+ X 2 = (X + Y) + kps + kpD 
(16)

XlX 2 = (X + kps)(Y + kPD) - kDsksD (17)

For poly(styrene), with no POS label, the fluorescence decay may
be characterised by two decay parameters x1 and X2 where:

X1 + X2 = X + Y (18)

X1A2 = XY - kDSkSD (19)

Combinations of equations (16)-(19) with the values of 1' 2

(from the present work), and x 1, , k , k , , Y (from

previous studies above[12], yieldeFthe following values for kPS

and kpD:

k = 3.6 x 108 s
-
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kPD = - 0.05 x 108 s
-

= 0

The following conclusions may be drawn from the above results.

(1) Energy transfer does occur from the poly(styrene)
polymer to the guest POS moities.
(2) Energy transfer to the guest species from the monomer
is more important than from the excimer (kP >> k PD). Time-
resolved fluorescence spectra demonstrate, however, that
the excimer is involved, in some respect, in the activation
of the label, since the excimer lifetime is observed as a
component of the POS decay curve. Results from the kinetic
analysis (kPs S kPQ) would suggest that this is due to
reverse dissociation of the excimer to re-form excited
monomer which then activates the label, rather than direct
excitation of the POS from the excimer.
(3) It is perhaps surprising that energy transfer to the
POS label is less favoured from the excimer than from the
monomer given the fluorescence decay times and spectral
overlap of these species. One possible explanation is that
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Figure 7 Fluorescence spoct ra anid leoy chlaracteristics of
POS contu iningc pol y(qtyrene,). I*, styrene monomer region,
dual decay kineti.s. D*, styreure exc iner region, triple
decay characteristics (douuble fit. shown (d0e5 not correlate
with other wavelengths, thus meaningless). P4 is P05
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excited (see box), hut single, T = l.6Rns when excited
directly. EGS is early-gated time-resolved spectrum which
matches closely sp~ectrum of D* excited directly, and
difference between late-gated spectrum LGS and known
spectrum of D*.
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the concentration of excimer sites in the pol ymer islo
compared to the moaomric chromophores. ]it this case the
high yield of excimer to monomer fluoerescenice observed for
poly( styrene) must impl y singlet energy mi grat ion in the
polymer so that any, exciton mlay have a reasonable
orobabil ity of encountering a potential excimer-forming
site.

(v) Fluorescence anisotropy mneasurements in poly(styrene)

As outlined above, t-he time-resolved results obtaine-d onl PUS
labelled( pol y(styrene) suggest that energy migration perhaps
occurs in poly(styrenie) in dilate solution. This hypothesis is
inconsistent with earl icr reports that the fluorescence of
pol y(styrene) is polarised, even in diluate sol ution[ 22, 23]. This
conflict of opinion has 10e1 us to a brief investigation (if the
steadyv-state and time-resol ve(1 fluorescence of pol y( styrene) in
dilute so] utjion[ 24 . Steady-state II uroescence polarisationls for
poiy( styrene )-P(IS polymers and for pol y(styrene) were measured on
a Hitachi Perk in-El, mer >IPF-4 instrument,(5 usng IMP'P, (Polaroid
Corp.) poln risers.

I a thle two t% voes of ex periment (lamer exc ita tion and steady-
state. fluorescence), polaritions were corrected1 for anisotraoty
oroduced by the diffractioni gratings, of Lte monomchromiator. j n
the laser experiment, a di] ute soluation of toluaene in
dichi oromethanle was used to determine the inlstrumient bias for
polarisation at 335nm. Tn the steady-state experiments, thle
correction for anisotropy, which is wavelIength( dependent, was
measured for each exp~eriment. The degree ot polarisation is
defined Ily

P = I V V11(20)
Vv+ G.1 V1I

where (, =.1 / I Ufis the correction factor for the anisutropy
induced by the ]instrum~ent, andl V and 11 refer respectively to
vertical and horizontall y polaorised excitation or analysing
pl ~ari sers. As a chieck in the methods_ 11ied, the polarisation of
an aqlueous soltion of fluorescein (1(0 ) M, 22 0 C, pil = 7) was
found to be 0.017 + 0.005, in good agreement with publishied data.
Measurements on I'S andl PUS are recorded in Table 7. The
following points can be made:

(a ) Ili pol y(styrene), excimer emission is completely
depolarised.
(b) In the POS pbl ymers, selective excitti of the
styrene moiety at 265nnm resuls in, complete dIepolarisation
of the excimer emission at 335nm and of the phenyl oxazole
trap at 3Ml0nm. Thel( small increase in measured polarisation
over that i~n PS itself at 335nm is due to a very small
amount of direct excitation of the oxazole moiety in PUS
polymers (see Figure 7).
(c) Dlirect excitation of the oxazole moiety at 320nm yields
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a measureable polarisation. This is entirely compatible

with time-resolved measurements of anisotropy of POS

polymers excited with a dye laser at 300nm (Figure 8) which

show a decay from an initial value of 0.4 to zero. This is
compatible with segmental motion of the polymer causing
time-dependent depolarisation when the trap is excited
directly. Following excitation of the styrene moiety
however, the time-dependences of oxazole trap fluorescence

polarised parallel and perpendicular to excitation

radiation, oil a time-scale longer than 200ps, were

ANISOTROPY PPO/POLYSTYRE
N E 

AT SQNM

344

172

a 1.84 3.28 4.92 8.68 8.20

rTIME(NANOSECONDS)

Figure 8 Time-resolved anisotropy, r(t)[J (t) - I (t)]/
[I (t) + 21 (t)] for poly(styrene) with POS label; label

excited directly at 300nm.

identical, in agreement with observation of total

depolarisation in the steady-state experiments[25].

These results are then in good agreement with those of Gupta

et al[26
], but directly contradict those of MacCulum[22,23]. We

do however feel that in view of the inconsistencies iu published
data to date by this author, which were not commented upon: and
the agreement here between time-resolved and steady-state
measurements in the present experiments, the results here are
rorrect, and establish with some certainty that under the

conditions of our experiments, electronic energy transfer does

indeed occur in poly(styrene).
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Table 7 Degree of fluorescence polarisation in
poly(styrene) solutions[24)

Method Sample Xexc./nm Xem/nm P

Laser PS 257.25 335 0.005 + 0.050

Steady-state PS 265 335 0.005 + 0.020

Steady-state POS 265 335 -0.006 + 0.020
(0.058%)

POS 265 335 0.026 + 0.020

(0.11%)

POS 265 335 0.027 + 0.020

(0.504%)

Steady-state POS 265 380 0.040 + 0.020

(0.058%)

POS 265 380 0.047 + 0.020

(0.11%)

POS 265 380 0.048 + 0.020
(0.504%)

Steady-state POS 320 380 0.135 + 0.020

(0.058%)

POS 320 380 0.134 + 0.020

(0.11%)

POS 320 380 0.144 + 0.020

(0.504%)
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4. Model compound studies

In elegant work, DeSchryver and co-workers have explained
the observation of complex kinetics of fluorescence decay
observed in vinyl aromatic polymer in terms of emission from
racemic and meso stereo-isomers of 2,4-disubstituted pentane
model compounds. We have recently begun a programme of work on
simpler models. 1,-3 di-aromatic substituted propanes. We
recognise that these are not ideal models for polymers since they
do not have asymmetrically substituted carbon atoms, but. since
they represent the simplest possible linked systems capable of
excimer formation, we wished to study them in the same detail as
the polymers. The compounds studied, ao dinaphthyl propane I,

c6 -dinaphthyl propane IT, and RB dinaphthyl propane TIT were
subjected to preliminary investigation in dilute solutions in
tetrahydrofuran (THF) and methylene chloride (CHI2 C12). Steady-
state spectra are shown in Figure 9[21].

z
nM

0 4o14 1•0 0

1*o 111 3 2 403 4*4 *3*

Figure 9 Steady-state fluorescence spectra for I, II and
III in dichloromethane solution

Extensive measurements of fluorescence decays shows the
following features:

(1) 1 in the T1IF obeys Birk's kinetics (Scheme 1) perfectly
(see Table 8) for excitaton at 300nm.
(2) 1 in (|ILCl1 _ displays very complex kinetics for
excitation at 2)7.25 or 300ntm, with two-component fits
generally incapable of reproducing experimental decay curves
(Table 8).

(3) [[ in TIUF exhibits a single extremely long-lived (r >
lIOOns) component. In C112C12 at 300nm excitation this is
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reduced to ' 13.8ns. For 257.25nm excitation in (12 Cl 2
kinetics become more complex.
(4) III in TtIF displays complex kinetics, with the lOOns
decay time observed in IT prominent.
(5) III in CIIH CI 2 at both excitation wavelengths exhibited
very complex inetics (not shown in Table 8).

It is clear that the excimer formation and decay in these
simple systems is very complex, and much further work will be
reouired to gain a thorough understanding of the process
involved. This work is currently in proyeCS.

We have also reported Ibriefly on the photophysics of polv-N
(9-carbazolyl) carbonvl-l,-lvsine (PK.), a conformationallv 'pure'
tOlvmer[ 281.

S.a

Table 8 Decay characteris:tics of model compounds 1, II
and II in solution[21]

opod xa AcA x2d

Compound a Xem, Solvent A I 1 A2 T A3  T IwO
(nl) (nm) (ns) (n) (,,s)

1 300 345 1IIF 0.97 15.8 0.10 39.4 - 1.20 1.86

1 300 450 1111F -2.49 16.0 2.58 38.0 - 1.41 2.1

T 300 320 C1 2C 1.38 6.20 0.17 13.20 - 1.22 1.() ,

1 300 45() (.112 ' 12 -2.3 6.69 2.48 25.24 - 1.39 1.67

I 257.25 320 ((12C12 0.25 6.05 0.033 11.66 - 1.12 1.86

1 257.')5 450 (I2 C12 -(.25 7.03 0.3(M 29.(1 - - 1.34 1.91

T 257.25 320 (I 2CI 2  O.1 5 6.54 0.013 14.41 0.07 1.08 1.14 2.02

1I 300 345 TIF 0.41 100.75 - 1.11 1.Q5

II 300 350 (1 2 :I2 1.50 13.78 - - - 1.10 1.67

if 257.25 350 ("112 C12 0.20 13.5 0.05 - - 1.09 2.15

111 300 345 TIIF 0.91 5.6 0.02 100.9 0.03 37.63 1.2 1.96

11I 300 450 TIIF -(3.78 5.1 0.62 100.3 (.3 30.2 1.76 2.105

111 257.25 310 C12CI2 (.38 3.33 0.009 33.25 - - 1.17 2.12

111 257.25 450 CHtt(2 C I2 -0.19 2.49 0.12 60.78 0.139 18.40 1.31 2.21

Decay curves fitted to functions of the form I(t) =E A. exp(-t/Ti).
b Excitation wavelength. 1

C Emission wavelength 3OO- 3 5Onm corresponds largely to monomer region, 45Onm
hjo excimer region.

and Fitting parameters, cf. Reference 1.
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5. Time-dependent fluorescence anisotropy measurements

The methods used to measure ti.me-dependerit fluorescen e
anisotropy in poly(styrene) discuused above are outlined below.
It should be stressed that these methods are not trivial, and
great thought has been given to accurate measurements[29,3(1.
lie methods are outlined fully in Appendix 2, and will not be
repeated here. The time-dependence of the anisotrony r(t) is
defined helow, and can i.n principle he used to monitor molecular

-r(L) =(I Wt - I (t))/l 11 (t) + 2l1 t) (2 /

r t/li (22)
1

mot ion. At the out set of tils work, a study of tihe Ii teraitre
revealed manv unsatisfactory features. "here appeared to he no
eeneral agreement upon how properlv to carry out the e51riilolt ,
and ilterpretation was difficutlto Htcih of the work clez;rihed
here consists of a critical evaluoat ion of methoads and
aiplications to two polymers systems in solut ion, iolv(Plethvi
methacrvlate) PFitiA covalent ly Iabel led with polv(I-vilvl
nap~hthalene) and polv(acelncphthVlele ) tepectively. Ali sot rorv
is a more useful paralmloter tilall Iivl o of pol~iri;l tloll Ill
defining order and motiOll i n m)olectili( r s t llS ill thl;l for

fluoropiore which decays exponent ially iwit h a ;illglf, coIVpolivilt.

The resulting anisotiopy construct el 1ro1 i ldeOlendent
measurements of the fluorescence parallel I ql(t) anl
perpendicular lj.t) to tit1 plane of polarisatlion of ex I t ioll
radiation is independent of tile decay tirme of tile flilltlore.
For systems which decay with 11al (or morvO) componuviis this is
riot necessarily tile case, although it wou ld he if the lnlt i.olo l;
properties of tile two fluoroluhores givitng rise to the t wo decav
components were identical . Since tilre i q no 0 priori way of
ascertailning tlis, it seefms ill-iient to employ f loro)rlreM 1.hi:

are indeed single complllolent. To assist in this 0 critical

evaluiation of the decay of standard slstances which cInI e 10sed

to test single or dual e x ponentiality has been carried ot| 1l I.

Details of time-resolved anisotropy can also be oitain('01 hy
deconvoltion of individual I ,(t-) or lo rt ) nlea sre !lt,, or
difference measurements defined below

I l(t) = e-t/TIF (I + 2r :a. (2 1)

1)

I .(t)= e t /11, (l - r °  a il e-tilli (24)

(I 0 IIf t) - lj( t) = 3ro v-t / TF (r o a.i e -t/, i U 11)

In these cases analysis of I l(I) 1 and IL(t) 010 weivilted, 's
usual , by Poisson statist ics (w i = hts of i - i and
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torrelat ion times given in Tables 11 to 15 indicate thnt
segmental motions are responsible for depolarising the
tI uorescence. Consequent]y these time constants (Trp t ) are not,
inlact true rotational correlation times since

1 = 1 + 1 (28)

TRot Tsep 1mac

where T is the segmental rotational correlation time and T

the rot isonal correlation time for the motion of the entire mac
i)olvmer, however, as tile polvmers used were of high molecular
weights, it is possible to ignore the contribution from the T
ferm, that is

TpO t I r g (29)

table 11 Summary of the anisotroy and fluorescence decay
parameters for I'NlIA/ACE in dichloromethane at the
temperat ares considered

TF r T

/ K Pis/u

23 + 2 15.5 + 0.1 0.13 + 0.01 1.3 + 0.1

275 + + 0.1 0.13 + 0.01 2.2 + 0.2

2W) + 2 15.4 + (1.2 (.13 + 0.01 3.2 + 0.5

:45 + 2 15.3 + 0.2 0.13 + 0.01 4.5 + 0.7

+lu + 2 15.0 + i.1 0.11 + 0.02 5.6 + 0.7

'kilIe 12 Sunmary of the anisotropy and fluorescence decav
p:iri:et els for I'11A/I-VN in dichloromethane at the
t(rcll/erlt Ires consiritetd

T r *

- 0 Rot

215 + 2 15.9 + 0.2 0.15 + 0.01 1.3 + 0.2

.75 + 2 15.6 + 0.2 0.16 + 0.01 2.2'+ 0.5

)+ + + 0.1 0.14 + 0.01 2.7 + 0.3

.45 + 2 15.4 + (.1 0.15 + 0.01 3.6 + 0.5

+ " 15.4 + 0.1 0.16 + 0.01 4.9 + 0.7

3(4



Table 13 Sumamry of the anisotropy and fluorescence decay
parameters for PHA/ACE in dichloromethane at the
temperatures considered

T TF r 0 TRot

/K /nS

?95 + 2 17.4 + 0.2 0.10 + 0.01 0.8 + 0.3

260 + 2 17.4 + 0.3 0.10 + 0.01 1.3 + 0.2

245 + 2 17.4 + 0.3 0.11 + 0.01 1.8 + 0.3

230 + 2 17.5 + 0.3 0.12 + 0.02 2.5 + 0.3

Table 14 Summary of the anisotropy and fluorescence decay
parameters for PMA/I-VN in dichloromethane at the
temperatures considered

T TF roI
T F o Rot

295 + 2 15.1 + 0.1 0.13 + 0.01 0.5 + 0.1

275 + 2 14.9 + 0.1 0.13 + 0.01 0.8 + 0.1

260 + 2 14.8 + 0.1 0.14 + 0.01 1.0 + 0.2

245 + 2 14.9 + 0.1 0.14 + 0.01 1.3 + 0.2

230 + 2 14.9 + 0.1 0.15 + 0.01 1.7 + 0.3

The 1-vinyl naphthalene chromophore, unlike the
acenaphtha lene chromophore, is capable of motion independent of
the polymer backbone. It is rather surprisin. that the
anisotroiy decay for the 1-vinyl naphthalene labelled polvmers
takes the same form as the anisotropv decay of the' acenaphthalene
labelled polymers. It is even more surpristnp that rotational
correlation time a l-vinyl naphthalene labelled tolvmer, at a
given temperattre is within experimental error equal to the
rotational correlation time of the corresponding acenaphtlivlene
labelled polymer. Thtre are three possible, not necessarily
exclusive, explinations:

a) The independent motions of the chromophore are too fast
to detect. The effect of such motions is to lead to
evaluations for the initial anisotropies which are too low.
However as the initial anisotropies obtained for he polymers
used in this study are in excellert agretment with values
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Table 15 Summary of the activation energies for the
segmental rotations and conformational changes labelled
poly(methyl methacrylate) and poly(methyl acrylate) in
dichloromethane

Polymer Activation energy Activation energy
for segmental for conformational
motion (E seg) changes (Eco n

KJ mol
-  KJ mol

- I

ACE/PMMA 13 + 4 5 + 4

I-VN/PMMlA 12 + 2 4 + 2

'MIA' 12 + 3 4 + 3

ACE/PIlA 9 + 4 1 + 4

1-VN/PMA 10 + 2 2 + 2

'PMA' 11 + 3 3 + 3

nuoted for similar polymers in rigid glasses at 77K this is
not thought to be the correct explanation.
b) The rotational correlation times for the segmental
motions and the independent motions or the 1-vinyl
naphthalene chromophores are sufficiently similar, over the
temperature range considered, to be irresolvable.
c) The I-vinyl naphthalene chromoliores are Prevented from
performing any rotational motions independent of the polymer
backbones due to steric hindrances. it is felt that the
steric hindrances renuired to completely eliminate all
independent motions are not present in the polymers
considered.
d The fluorescence polarisation properties of the I-vinyl
naphthalene chromophore are explained in terms of two
omitting transition dipoles. These transition dipoles are
aligned parallel and perpendicular to the bond about which
the chromophore undergoes independent motion of the polymer
Ibackbone.

Potation about this bond can not lead to these two
transition dipoles interchanging their directions relative to the
iilvmer hiacklone, for eximple, the chromophore cannot rotate into
a position where the lorPg axis polarised transition moment is
lp rpendicil ar to the polymer backbone. Consequently for the 1-
vinyl naphithali ei labelled polymers, as with the acenaphthylenie
labelled polymers, it is only segmental motions which lead to
depolarisation. This explanation does riot take into account any
'rocking' motions of the 1-vinyl naphthalene molecule which would
lead to f lorescence depolarisation. It is thus thought that the
latter is the correct explanation with, perhaps, steric effects
preventing the rocking motions.
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For each polymer sample the activationi energy for
segmental motion was evaluated from a linear regression of In
Io on Ol IT. Results are summari sed in Tables 16 and 17, and

compared with literature values.

The activation energy for segmental rotation (F.,e ) is
dependent upon:

a) The activation energy for the conformational changes
requoired for segmental motion (F 1q0).
b ) The activation energy for visc us flow of the sill eli (I,',

'The relative contri hut inns of the above to t he segmlont a
(total) activatoin energy has been rreated theoretical 1 y, ie
liasis of which was Kramer's theory for the di ffusion of a1
part icl e over a potential harrier, by Hl]fond. ilie rate cuot a lit
(R) for segmental moti on, or the rate at which sulist it lent gpq

on a pel ymer backbone diffuse over a potential harrier, was fround
to b~e given by:

k = [y/12T2 
a)][1/2 + (1/4 + l/(5) )'

ex p(- 1
con/RT l)

where y is the force constant for the lpotenlt i0 i arr i er , mi tihe
mass o f tile partic le, a tile hlydrodynanmic rrllli Us of the a;1r ticle
and ')is the viscosity of the solvent.* In tile l imi t of high
viscous damping, that is when

1/4 i Y 2 (31)

Eqiuation (309) simpl ifies to

k =Y/(121r2a,)) exP(-F sel,/RT) (32)

If an ArrlC'ientS dependence o f ?upon templieralture is assumed] then
equation (32) takes the form

k = c exp[-(L , o + E )/R'r] (33)

where C is a conlstant. Thus tile total acti cat-ion energy for
rotational mlotionl is simlly (ill thle isit of 11ighl viscous
Ilalipillg) the sum of the act ivat ion ellergi es for segmentol motionl
an, viscous flow-

Fse =ECo + F (34)

It should lie noitedh Ot t hore ore twol cases where the above
treaitment carl nllot lie used to r iillYC thle effect of thle solvcent:

a) If the sol vutilig powe4r of thle solvent chan11ges
signiificantly with temperature. Non-linear Arrhenius plots
of tile segmiental rotational correlation times of high

3')



molecular weight poly(styrene) in cyclohexane, for example.
is attributed to the increasing solvent power of cyclohexane
with increasing temperature. If the solvent power of a
solvent does change with temperature then as the temperature
is reduced polymer-solvent interactions decrease resulting
in the polymer chain adopting a more tightly-coiled
conformation. This leads to an increase in the intra-chain
steric interactions which oppose segmental motion and hence
the segmental rotational correlation times are greater than
expec ted.
b) If activation energies for conformational changes of a
polymer in different solvents are compared they may not
necessarily be the same. In different solvents polymers
adopt different conformations depending on the relative
magnitudes of the polymer-polymer and polymer-solvent
interactions. In thermodynamically 'poor' solvents a
polymer will adopt a tightly coiled configuration (due to
the dominance of the polymer-polymer interactions), whereas
in 'good' solvents they fully extended. Consequently intra-
molecular steric interactions are greater in 'poor' solvents
and so higher activation energies for conformational
changes, as compared to those in 'good' solvents, are
observed.

A linear regression of In(i/j) on (I/T), gave a value of
8.2 KJ mol for the activation energy for viscous flow of
dichloromethane. This value enabled, by application of equation
(34), the activation energies for conformational changes
required for segmental motion to be evaluated (see Table 17) from
the activation energies for segmental motion. It is clear from
Table 17 that for both poly(methyl methacrylate) and poly(methyl
acrylate) segmental motion is, to a high degree, solvent
controlled; the activation energy for viscous flow represents
approximately 70% of the segmental (total) activation energies.
Consequently the activation energies for the conformational
changes (approximately 30% of the total activation energy) are of
the same magnitude as the associated errors. As no error was
assumed to be associated with the value for the activation energy
for viscous flow the errors, for a given sample, on the segmental
and conformational activation energies are identical.

Table 16 compares the values obtained in this study for the
rotational correlation times at 298K and the activation energy
for conformational changes required for segmental motion of
poly(methyl methacrylate) and poly(methylacrylate) respectively
with values quoted by other groups[34-36]. (In all cases the
polymers used were of sufficiently high molecular weights so that
the 'observed' segmental motions were independent of molecular
weight). D)ilute solutions of the polymers were used in order to
minimise inter-chain interactions. It should be realised that:

a) The segmental rotational correlation times of a given
Dolymer in the two solvents may not be directly compared.
However rotational correlation times of a polymer in toluene
obtained by the different techniques (e.s.r., dielectric

4o



relaxation and fluorescence depolarisation) it is possible
to discern whether the different techniques are 'sensing'
the same segmental motions.
b) Dichloromethane and toluene are thermodynamically 'good'
solvents for polv(methyl methacrylate) and
ooly(methylacrylate). Consequently, in these solvents
po1 y(methyl methacrylate) and poly(methylacrylate) adopt
fully extended conformations. The conformational changes
required for segmental motions and hence the activation
energy for conformational changes should be approximately
the same.

It is felt that the two techniques are sensing different
motions and that the agreement on the value for the rotational
correlation time at 298K (in toluene) is coincidental. To a
certain extent the results from the experiments on
poly(methylacrylate) substantiate this explanation. It is rather
surprising that these two techniques give such differing results
as. in this particular instance, they are extremely similar. In
the dielectric relaxation experiments the motion of electronic
dipoles residing on the ester carbonyl groups are monitored;
these dipoles have components parallel. and perpendicular to the
polymer backbone. This situation can be seen to be directly
analogous to the fluorescence anisotropy experiments carried out
in this study.

Poly(methyl methacrylate)

The values for the rotational correlation times at 298K for
this polymer in toluene from fluorescence anisotropy (both steady
state and tinie-resolved) and dielectric relaxation measurements
are in excellent agreement. It can thus be concluded that:

a) The two techniques, in this particular example, are
'sensing' the same motion in the fluorescence anisotropy
experiments.
b) The segmental flexibility of poly(methyl methacrylate)
was not influenced by the presence of anthracene,
acenaphthylene or 1-vinyl naphthalene probes. The dielectric
relaxation experiments did not require the polymer to be
labelled). The rotational correlation time obtained by
e.s.r. spectroscopy is an order of magnitude less than the
dielectric relaxation/
fluorescence relaxation value. This disagreement is
attributed to a rapid rotation of the spin label (a
piperidinyl ring) abgut either the bond between the ester
carbon and the oxygen atom (to which the label is attached)
or between the oxygen atom and the spin label in addition to
the segmental motion. The activatin energy for the
conformational changes evaluated by this technique (in this
particular example) must be considered to be in error.

It is unexpected after the agreement on the value for the
rotational correlation times at 298K in toluene that the



dielectric relaxation and fluorescence anisotropy techniques give
such different values for the activation energy for the
conformational changes requir~d for segmental motion. There are
three possible explanations:

a) The two techniques are monitoring different segmental
motions.
b) Thle presence of the fluorescent probes modify thle
segmental motion. (It should he remembered that the
acenaphylene probe is capable of motion independent of thle
polymer backbone whereas although the 1-vinyl naphthalene
probe is capable of independent motions these motions do not
lead to denolarisation of the fluorescence). The effect of
the nrobes would tend to increase the activation energy
required for the conformational changes due to the extra
energy required to overcome the effect of solveitt drag on
the ii uorophores. Even if the polymer adopted a di fferent
ronformation in the vicinity of the probes to accomodate
their presence it is not conceivable that this would lead to
such a large decrease in the value for thle activation
enerey.
c) The fluorimeter and analysis procedures used could not
accurately resolve thle rotational correlation times. This
interesting but clearly controversial and unresolved feature
of the work is currently being studied further.

14



6. Po Iy(diacetylIenes)

Al though not spec ifietd in the origina I proposal, these
one-dimentsionail polymers are of SoChI Current interest, the work
below was undertaken in collaboration with Professor D. Bloor,
Queen Mary College, London.

The aim of this part of the Project was to establish the
nature, dlynamics antd decay of excltuits in poly(diacetvlenles).
Little work (both experimentally and theroretical ly) had appeared
concerning the behaviour of Oxc itonS inl cooiLigated p0olymers.
This know]ledge is ant important factor in a proper understanding
of the interaction of free carriers and excitons, which have
been shown in other mater iaIs to form hound state.

The proioct this necessitated experimentat ion to ci ucidato
the conftormttion of PDA cha~nins using li ght scattering', nmr
spectroscopy, Raman spectroscopy: and then i.eparate, measuretTIenIts
Of flulorescenlce decay measuremets. TFile PDlA backbone VT has in
tilie ground state a con loigoted Tr-bond st ruc tutre, the, absor it ionl of
which is excitonic in) character.

4 RC - C =_( - c ,I % VI

9PA R = ' = - (cIf 2) 9 - O - CHI ; 2 MT11lC = 2 methyt)

4BUM R R' - OCON II OCC II Ierahlvrofuran

4BMU R B =- (1 )4 -4() i 0C h 0

Macroscopic single crystals of PDA fluoresce oly weakly, bait
deformed systems have beeni shown to fltioresce. Thus PDA
solutions and films have fitiroescetice yields in the range 01.100)1 -

0.003, and absorption spectra in the range 1.6 to 2.5 eV,
depeLnding upon the degree of disorder. Absorptioin and
fluorescence speqtra, front this work are discussed below it terms
of the clironti m observed. Thte two systemns studied were 9FA, and
4B3C.R! with R groups defined as above.

Ljjtritnentai. observations

Low tempteratuire IDA glasses

Rapidly freezing ye]llow MFA/2fT111- or 4l3CMl1/2MITIIF ('38, 39,40]
solutions (Y-pthase) results in a clear glass with a pink colour
at 77K (RB -phase) - (refer to Scheme 4 below). Cyclinig the glass
to B .T an~ retlueniching prothuces di fferenot Ilow-temperat tire
spectra dependinig on the thwel I-time at R.T. If the thwll-time is

sotthe solution remains pink (l-ithase) and on quenching yieltds
this spectra in the B -phase. If the dwell-time is long or if thte
solution is wormed t8 the Y-phase, then on quenching to 77K, we
obtain once again the Ry-phase spectra. Spiectra are shown in
Figure 11.
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SClipwe 4 Festier a tli C de perd ericf f Ior 91 A anid 4Mh MV in _N1 MI

C:: cool F: f reeze Wi: warm SlIT': slror t dwellI-timni 1,11
long dWelI time R .T: t 0011 temper-at tire inc reasing (bualturn
yield(

91'A glasses

'File 77K spectra ar-e consi , o-it with an cet ylen ic jiol inier
biackbonec structuire. At eatdi sliinit spec ios ran) he idoot iifiel
hi) studilll4i theseq( spectra WithI enlissi on arid absorpt ion bandI
origins at appriix irate lv

a) 519 and 5l
4 nn

1)) 595 and~ 535511
r) 610) and( 5

6
I0nin

re'l)eC t i e] V. The total f I iiresqC eriC esp(c tTia of ()PA ,ire inore
itense at 77K than at 19.T. ; tilie inrcrearse he inig approximust ely 1tk
fold1. (On qjrencliiripg thle 1-phase the population of tie tird
species (c) is drasticallI enhlanceid wilst the popiilal ion of (b)
is drastically reduced . It appluirs that s'pec ies ( c) are
appaiirenitly created at the expense of thle other two spec ies. To0
explain the spectra of these con format inns a sma I I local
defornliat ion in tile form of twis-t jog abiout the (--:if] tile
exc itedl sta to is proposed. I ockel- in coinformat ions give, rise
to small Stokes shi ftecd ( loig-li veil) species (a). Those
conformations involving large Stokes shlIts ( short-I 1-l
species arises as a coriseiqience of twist iig oif thle C=C iii tie
exci tedl state. 'lime-resoil veil measirmverits w i I Ihe d iscurssed
later.

'ABOWl glasses

Whereas the 9l'A R, Spect ra arc striic tirei wi th wet I
devel oped viblronic siderielaruri 'wi thli yif ts froim thle zero-phot on(-
P) peak of about 15(00 arnd 2101( cnr charac ter istic i(f tile ((arid

C+C stretching miodes of the acety Iennic pl]yruir hacklioire
Structure, tile 4I3CMII spectra airc less strrcttinreil. Tis males it
difficult to iridentify 7ero-phororr bands. Ani analysis of thle
l.T. spectra indicates the lirescnice of at least two species with
emission arid absorption bands occniring at 515 arid 510nrm, and 5511
arid 530rrm respectively. The former species exhiiit narrow
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Figure 1l Absorption alI rid im io oectra of t'I)A' s
vibronic emisqsion w'hen tihe exci ta ion is in tihe regio n of thie iz-t
Ieak ( 510-520nm) . At 77K this ef fect is very w'eak fo r (lWA.; hot
similar effects rave heen seen for 9OFA glasqses at 4K. [iris
superposition suggestsq tint there is no fast energ4y tra nsfer
between the prol ymer species reslsrnsrinle forr these eriissirrrrs.
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Lifetime measurements in PDA's

We have used laser excitation to study fluorescence decay of
the PDA 101 in pure crystalline form[52,53]. Results are shown
in Figures 13,14,15 and for room temperature and 77K
respectively. From a modified version of a theoretical treatment
of one-dimensional diffusion[54,55], the expected form of the

decay is exp-t
a

, where a = 0.45. Results here are best fitted by

c = 0.425, satisfactorily close to the theoretical value.

In glasses, the decay parameters have been shown to be much
more complex, and this aspect of the requires further effort and
support.

(iv) 4,4'-diplenylene di phenyl phenyl vinylene[56]

In collaboration with Dr .1. Feast, University of Durham, and
Dr Richard Friend, University of Cambridge, we have contributed
briefly to the investigation of fluorescence in another conducint
polymer poly(4,4'-diphenylene di phenyl vinylene) (VII) PI)tV.

C=C

n

PDPV is a soluble conjugated polymer that shows a degree of
conjugation similar to that in poly(paraphenylene). The optical
properties of thin films exposed to AsF 5 show the appearance of
features below the s-p'* gap at 3eV that can he interpreted in a
model of dopant-induced polaron and bipolaron defects. When
excited above the T-7T* gap, PDPV shows a strong luminescence
peaked at 2.4eV. The Stokes' shift of 1eV can he acconted for
by radiative decay from photogenerated polaron-exciton defect.

However, this explanation of the observed effects may not be
unique, and further work is being carried out to elucidate the
cause of the very large Stokes shift in flinreseonce. The
quantum yield of fluorescence has been shown to be of the order

of 0.01, with a decay time of around lOOps. This work will continue.
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Figure 13 Decay of fluorescence from l011, room temperature,
raw data.
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AB13STRHACT

Time-resolved fluorescence ilsot ropics Of perylelle ill glycerol/Iwater

SO] ut ionls have been stude 11(10( on nan-osecod timle scales. Anjisot ropy decays

were obtained using moude locked, cavity (IlIfll)O( hiCi'(i I itiol aild

sinigic -ph oton counit ing dlet(ct ion. The I lli Sotr iics are well Charailcteri zed by

a doulble cxponlentiiil model an1d give rotatiolnl decay tiiacs whiich can be

1(111 tOdl to di ffo ionl abou1t thle in -plne an d out -of-plane molecular axes. The

pre--expoiicntial fanclors are ile~ter-ineicd hy the relative oijliititionis of the

nbsoriioii 110(1 (iliss1*oi trnlaiil dipoles and "Ire niot sen~sitive to solveiit

viscosity, tempralt lire, or otlher external parameters. The perylene

/I gycerol/walet(r system aippears to be a useful standard for comParing and

evalua1"ting differ~ent exPerinmcntall tcciilles and)( nalysis iodiesfor

in~nios'coo'd amd slubilmilosecoild iseasiireiciits of flooeceiice alil5Otic's
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1 1Int reduction

Time- resolved fluorescence anisotrcopy mea"suremrent s canl piovide (let.ailed

informiation on the ieorieritational dynamics of morlecules in solution. Unt il

recently, however, this information has been limited to Fingle rot;t (nat"

correlation timecs w.hich are only strictly appropriate for the diffusion of

sphlericaldly symmIletric systemis. 1l1ip)rove Il ints in instrumientation anld datal

an11rLysis techiniques durrig the last decade have lead to inicreasig]v aiccurate

mea1,sulremen tts of fluorescence lifetimes. 123Those capqtmilitie-s also hanve lead

to pa-rallel imaprovemcent s in deterina tion s of fluorescence anl isot 1'olics.

Thme advanlces inl tirije-resolved t echiniqumes have fostered a ce- x and niat ion

of t heorics of tilie rotat ional mot ions of molecules in liqumid s. Models

'onisideredl inmclude thle anisotropic miotion of unris mr-etricali fluorophores, ,

tlie intIernal mot ions of probes relative to the overall movemient with respect to

their snurroun dings , 6thle restricted moetion of molecurles within meuOrvibres

(e.g., . obbling'' within a ecoie), and the segmental rmotion of synthetic

Mac romiolecules . 8' Ai alv sen of these rmodels poinits to expmerimiental situnat ions

inl whiich thle arlisot ropy Can show both mor tiexpeien ti] and rionexpenemitial

decay. Current experimientafl techniques are capable of (list ingrlisiin g

between these' di fferenit models. It should be emiphiasizedl, however, that to

aicr ately extraIct a single, "aycerage" rotational correlation t ime dlemands the

samlie preciszion of daita find an aly sis -s fluoreiscenice dlecaiy experiments which

cxlibliit (Inal exporiential rhecays . MulItiple or lion exponential anisot ropy

experimenits arc thus near the limits of p resent caipabilities and generally

derfiiand favorable COralhiriation s of flurorescence arid rota tional diffusion timTes.

Another key issue with *regard to dleterinrationrs of risotropy dlecays are

thme wide variety of approaches to the cailcdrltion of rot at ini olIifetimes. This

is inl ContIrast to tile situation for tire (let e riitiori of limlmollari zed
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fluorescence decays. In tire biter case, staible , cavity dumi ped (lye laser

excitation soorres * trae -correlated sin gle photon counting, and stan dard

proccdires for deconvoluting tlroreseence dlecaysa have lead to the acceptance

of decay timies ais relatively easily rasrired parameters by wich to

characterize molecular fluiorescence. 2,3 Ideteemlcrmnshv

reaiched the stage where flirorescoence decay st aridarids are available to

calbrato ncwi experimeinrtal tecliniques;

Tire anisotropy of a systemn, r(t) , is deived frin racasurerijeirts of thre

fluroresenrce decays with polariizat ions parallel and pierprenicular to the

polarization of excitation:

T)Ire different appIroaches to arrrrlyzinrg thre timre dependence of the anisotropy

genierally a rise from di fferernt moethiods by which cleeorrvolit ions of 1 t) a fnd

I ItM are t ranrslated into aI decarivoluted r (t). For exarmple , thre rotational

pa rlijecters earl lie extcrcted by iirdividuallNv (econvolvirig I (t) , individually

decori rlying I (t ) riconvolving D(t) , d(coinvolving both D Ct) and S (t) arid

rrorit'reirgr(t ), simimltaInfieorrsly fitting I 11 t) arid I Lt M , simrultneously

analyzing several deca(-,y curves ("global analysis") 0, etc. Threse arid other

rr'lii~ ieernlvhave he,rriscsi in somae detail by Cross arid Fleaming. 1

At thi point , therei- is rio general alreeamrnt enl which of these methods is

llost mrcriirate, most e fficienit, least subject to typical a steratic error's, etc.,

aInd it is fair' to state that A critical cormparrison of various experriental and

anlyis tvuchniques has riot yet aippeared.

Ani implor'ta nt coraphicait in in such a cormpar'ison is that several Previous

stir(ies have riot fuilly app recifitod that tire statistic'al p rocedri res applied to

urr1polarizedl fhinresceirce dociay can11not lie directly traI'l 1sfe rred to the anralysis
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of D (t) , r(t) , etc. Whereas 1 (t)M and I Ct) individually follow the Poisson

statistics routinely employed in previous fluorescence decay areasrcments,

deconvolut ion of 1)(t) Pnd S Ct) must emp~loy properly p ropa gate (1wei[;lit

wich are dlist inctively non-Potsson. 12

This paper addresccs the issue of thle "best" exprimniital techniiiqules

and -111alysis procedrilreq by icoii5l noin g pery loire (figure 1) , a molecuile

10hose fluoresceirce 1111 sotropy has broil shown to he characte)- Zed by dual

exponential decay. 13-7The puriposes of thIis stuady a je:

1 . to investigate arnd citiically comapare rotational correl ation t imeos

anid pric exIponentia1. factors oaliinedl for perylene' sa nisot ropy.

2. to (develop a standard 11 roropliore /solvent system which would

piov ide a use ful focal print for evaluat igf~ thle various lPioce(hures

used1 to i nlv ze and1( inil i)i'e pola rrz17d emis.sion dcy

Prilir'ir initially was irlrn1tified as an aiisotrrrlic rotator in steady state

prllirizatioir Weorrlr~rn. berr ot fll. 's rrlrservatin oiif waveloiigth

(lr 1 rirdrnt l'rifii lort" imirrhrtor tbre 1 )lesriice of at least twNo distinct

irotatioinal inrrtir, a., 1 3 
TFrv sublsequenoit dervelopmlenit of tune--resolved techniques

load to movre rlotniil'l irrialyse(s rof priyleie's rniiotiopy by Brand, et al. and

zirnsli et nil. G 'Iese invest ignitions iirdicrited that thre rate of rotation alinat

thre sarirot ry ax is C z Axis in figuire 1) is about an ordler oif maginitude larger

thain the rate oif rortat ion lepornicrrlrir to the z axis. We have extendred

these earlier investigaioins bry ttiriiig adlvanrtage of iimprovemeints in

flurrroeuenee d"ecoy irjrasrloreirts Irroight ablouit tby mode locked laser

ex oltatirra, slingle phiotoni coning, and thre use of proper startistical wveights

in thle docoiivolut 1(11 of expeimeinritanl decays. Our measriureiints p rovidle

ii(Iritioinal iirsights on jreryloiie's phloloprlysical retravior. anid estallishi useful



and coillvelient m'iiiilles for (elllrisrii 011(1 eval'1ill of liiiisot raiy

fljicasiiiciits oil mmo-wooit~il Oi( 5ilim((i~ time (01

Trhe fluilemseniu t;oitieo)y of the genaluisyiziuiuctiie rigid iroo was

first givfen by !)elfni'd ct al. nd1( sulan;(qntly di,iser lix' se-veral other'

W-.ork is. 7'I h('5C ti-catiuleist lead to the fullowinig ncsprvinlls:

,AI -t/'i

()I (t) 3e e (1±2,re- ) (2)

(t) = I()2 -LM -t/T(5

Srt = I t/S( t) T a (5)(6

Whlee tile T . are functions of the rotational diffusion coefficients around tire

three principal molecular axes aind the a t's aire functions of the direction

cosi nes relntin g the absorption an d emission transition dipoles to the principal

rotation axes. For perylenic, thesq"e x p ressleir s canl be further simplified by

assuruilag that the rotational diffusion conrstanits abouit thle two in -plane axes

are iden tical . This approx imat ion reduces the number of terms in the

summrations from five to three and tire ai risotiapy thlen cm) lbe eXpressetd as6

r(t) = 2/5e- 6 Lt T0 - 2 ( " _d±t F k(oA 0) E'AE
k=o kA ,A

r'ee and 0. are thre polar mqn1 cq betweeon the aisni ption mrid eruission
Ahe O

dipoles and the unique symaumetry axis ( z in figure 1) , t4A is the dIifferenrce

AhAF
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wl'ie G is the ''iistirrtieitidla tit ropy" of the systell. Ie'r I retlools

lhtav, e ei tj'llox'ed to dleterinie G. I 'IFhe trpproroh tvs cd here is ref-irred

to ais ''tail m~atchrrng', a Irrethtod ill which dtia le.( colleced to illstllP( that

If tile rotali oa) oorrellit mul tlios are shrter tltjiit tile fliittiesc-ice

I i It i , lik1n at lon11g t i ul vs aifter eNeitlitioln I ( t) and ( I L( t ) slotnid ltrtoti

it'ititIll (r(t ) 't) . For tile 1'erylv'ne sa evpic ,sod inl this study , 1161 11rratrcring

wasj ;ithieved, hr V ijltelltinv~ "Ind mtchinrg the total notatrr of rinsill I

ann dI ill t.11i11tire Is --- poiii to tities hetwr'rn 22 tid2 titsitc

tctttiatim . This Itioccdire %wris clwthe'd by cottj't'iitgr tite inlte ltod couttts

for timte inteir-rls at etirlier ttltd lriter stttgeq of the( flhtttlesreiecv tirrays

Mititites over several lecgirits of tile derays sholved that ror' snfficienttv lhrig

tires,' 0 Mt rind I -(t) were iitdleo(l srrperiwliposiblo. The trnil itathing legrlots

115er] tire as '*crtIlv1' as pwtr;sihle, inl oirder to retieve a igh siglr to nloise

1,tio illr thle ilttigrr-;tv'i reiriorts (SIN *100/1). Tiril mrateching will inot br valid

for mrainy other systemts , e.g. , thorse with res;idnl ,lorg teit IttitotiropiCS . It

rdoes ivorh well %vith our samnples amd hlas thte rtrtrrtrtilttl htenrfit of correcting

for fluctuations inl thle exeiting light irtcnsities Wich are frot already

rierountonl for by alternating thle detectionr Iola rizritin as descibed above.

3.3 Analysis of Mia

All dcray cmuv es were assmraenl to followv tile followintg enlirat i:

Whe re tile obhserved deciry in tentsi ty , (t) is a convolutioni of tihe true decay,

0(t) , with thne inlst rI'llrent responrrse funiction P(t ). Thre time sift parameter

represents the shift inl zero, tinre bet weeli tilie excitit ionl function wnd the

rlercry curve. Ilse of this pa raireter corrects for thle different prbotonruld~plier

t lsit tires of thre exciting and emrittiung photons bu~t can be strictly justified



only whenl this iffi'itiit'e is slimtll. 12For ou~r Pxjleiitttunts the use1 of 6 wats

justifi-d hy l te Ittiivd quatlity of the sinigle expontential fits to the m1agic

t~loteltirIof diecay curves tko5 tlh('(I iy least sljlileS iteraitive

tkt hioijlut sv. hil 11a1e tI'vl (Il-stiItId ill [touat (llil 11,(%lce 1,2,23,24

This 1:.-thod ollvoX cs it triall (!ooavI fioitoi s ingjle 4o\ - taitial 6ii111)10

I, t v,o.-1 t le altila 1;tod and l'Xj10rinu'ntahly' I l"l1'1-0ed IltlSis F o ';i~iZrd by

v;.I N i 11 t Ill' jpil 1,,ils in~ Ilie I ifi fnotioei. The Ihtt;llity of thle lit is

I I (2 1

1 2

Itstlh Ii~l of 111( t oeilionl of to (1 ax' to he analy13zed, :11t 1) is tho numb11er

of Jat~t ill ts lu lea hst Sl(Jitais fit. Sblt Sticltl criterill for jud(gintg

pnttvtos of fit Wiive ll""' Clis(U"l'i in (tlImsillltl'lle dletail by Lltport , et al .

Equa0t1ion 9 uiiplies to 1(t) , lthe flutlrl'SCvlrO' intentsity oltserveid under

ittigu anige Or tallid WOWaio (anAhlitOs , I H(U, 1 (0), tind any liner

cowiniation of tlics ' latter two functiins, i.e., D(t) anid S(t) . For

(t), q (1), lvnd I T () the weighttinig faufos emptloyed1 ini eqmtli 10 follw

1tl1son Stat stilts with

For 1)(t ), S (t ), 1nd( r"t) the Poisson errioirs in I (t.i) find I (t. m ust hue

pri'lpl(gttc( iii ordter to ottin properI weighits 1

for I)(t) , w . = 111 ,(t i) 4+ I-L(t .)) (12)

for S(t), w.i = 1/(T 1 (t.i) + 41jt.i)) (13)

foi, r(t) , w. 3 (1l1 (t) + 21 L(t IM(2 4 3 r(t. 31- 2 (t) 21, 3
0t) (14)

1 1
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A,, dim -u.s,d |.ailir, thc anisotlo'py par'lt erttTs call ill p~rinciple be

(,Xtra'tft~ from Ii (t) , I1 (t), D(t) , or r(t) (equations 2 6). (This assumes

thot the fil(o(se(r(,e lifetime call he d(tetrilled frtm [magic angle

S 21 22
OXltitlAmt.sts 2 or fKtim S(t)). For singlc expn'ntial risotropics, aualvses

of I (t ) it)d/or I ) do )i.ld 1tecurate corlci.tion times. For atisotropics

ti'olvirig tWo ('xpmOtis, howver, I " (t) and I_(t) require aIceurate fits to

tliple expontial functiuons. Ever with exclliit . data, there are a relatively

,-mnll nohmet, of stiuphes for whi(h ht fltioreset, "e and rotatioal lifetimes are

wll enough e.iratied to gix.e mcntiiul fits. Thes(e pltAihoms tire ilhustratd

with the followit ,-ynthetic tnta:

l)ata curves for I I (t) Mi( I (t) were o. struted hy convolving an

P.xptriv(nIttly rtntrdd instrument r'spotnse fn"ttion with dectay ftttions

rv.pres ntltive of thtso actually ohtdined for our |trylonv samples:

G (t) = 1.0 exp (-1/4.8) - (.46 exp (-t/0.63) + 0.16 exp (-t/2.0)

and (; (t) = 1.0 Cxi (-t/,1.8) 4 0.23 exp (-t/0.63) - 0.08 exp (--t/2.0)

l',isson noise was added to (or subtracted from) the curves for ! (t ) and

I L . TriTle exponential fits of I (t ) and () were unable to recover the

correct parameters. lowever, double exponential analysis of the synthesized

diffe rence function, I (t ) - !1 t) and a single expo ential fit to S(t)

accurately extracted the exl"eted liftimos and pre-exornential factors, as

sen in the follotwing (oma tris:t

(,xt(,(tlod r(t) = 0.23 (xp ( t/0.72) 4 0.80 exp ( t/3.4)

D(t)/S(t) 0.23 exp (t/0.71) 4 0.82 exp (t/3.4)
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we thus cojiclule thait for danta ,iilahr to that ob~tined' for pevylene , the

reduct ion in the number of paranmeters seemls to plrovide III impijortanit rpa on

for rinrily zirg I)(t ) rather than1 separately fitting 1, 11t) and L M.

3.4 Samples

InI anltjiiation of ilevolopirig sarilple5 whiolh luiight ',uve as usefill

Stalnards for rInisotrelpy menuriiements , we0 have employed] ituaercinlly

alailille fcii''oer/nln ( lilliltioll which requ4tire no fartlwr purIificaitionl

a(1plo(vide n w1 l ranlge of vis;cositics and1( rotaitional corre lationi rates iinder

Perylerre was Aldrich Gcld Label (994%). The glycerol was Abliiih Gold

Label (99.5#%) , SpectiejplictoiiitriC tgralde air d wafs shon b NJN!Rtecriqe

to coliit,'ljri lesq Ilizau 1% wa.ter. TIhe water use'd for the 1 21cel'ol/wnter

Solutions wvas NoCll Ol1iirrsove , 111)1,C giade . All of thlese were ii ed s

supplied by thre rtirrniufrcturers * without add(itionral purrificat ion. The

glycerol /water mii xtures show ed negligible fluoreseeeli uder the excitat ion

conditions sed( for arccumrulatin g diita onl the perylene samples.

Thre peiy lell siiiii lors were all lXIO 6 NI err ( lifid (I isorbarnres (of less

than 0).05 at 257 rrrr. No ati (rpt was made to remrove 0, from tire samples.

'Ille glxccrol/walter 5(Illliins um50 in these iIIwIsureeI1ts vore 80, 85, and 90%

(voluirle glycerol/volumre solutionl) andI have <1I? uncertinty in their

comprsitotis . ThJi rrrrrtahirty is (lie to the walet(r (<]',) irr the "'pare'"

1-lycerol. Solutions; were iept lightly capped to avoidl the piick upI (If

'rdditiur11il ae freerl tie lrti I(slplwrv. Steady qlate polar Our;tilri r;Icrlsurrnts

.hlrried, thet 11 ree u Ilatively Vie)irTlaples jpici(d up1 niegligible uplintities of

witer even1 whrrriIV( wre left openl tor air for 1 svern l ds.25
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All mcasurernent 5 report ed ill tlis paper iCIC v'r foiried at 2 St I 0 C . Tie

1(lalti((r~zhijs between sohlton uorirpositron aird viscosity are given hy Mliner

and( DAlton. 26fire 80, 85, and 90% (v / v) solutions (opresjiond to 82.9, 87.3,

and 910.% roluiors in terms of wright pereenlar1 es of glycerol. 'Tiese

solutions Proe visersiies of 613.5, 111.1, :mnd 204.0 ce(ntipoise at 25 0 C.

4. Pestrilts annl icrno

4.1 Sumrirrra of Anisotropy Data

l'olairizeni flloresrence Wieays (1 (t) and 1 Ct) were o1)tarrre for

jeoel\I i glrctiol/vater sehrlriors whirh. were 8D. 85, amid 90% (v /v)

glyrerol rnd wle(r rle ailtuitieri at 25410C . 'i'le a11irsti'opy a etr

1111cre .- by::yeil) OItl fittirrg DO) old SOI) :and thlren r(rstIl'rtmil I!M

frorir fla ir (ullotirrt . Iiffereroce curves were well lescrrilorl b\ (iluII

e~xponenrtiarl mlet;lvs xnreas S(O) was well fit by a sigl PWw I p0 ru

(?Nlrrt(-d forfroeere friar ir samlel t~loiit

A% plo of DOC) for ma I I nmSOiJfo (pcr\ liill hr5s? , I

given ini figure 3. 'lir4s rit~orn o air itrer 0 ij 1

and I L(t)), imiirtixe of the diffe-rent o~ms{f Il,1o

in ermjrrioll 7. Th~is clitraermistic feature orf jr n

arliot ropry) funrction call be trurrer(' to Ill(' r, 9

:11jmr' ion al(, >1111 :515i I) 'c i I v

IMig nxi ty ) julut; id t1 I~.r

mijm lit4, tirm ire!i:, : I~i: f 1 l n

I 1:, ic r
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This would be followed by relatively slower (t=(6D )-IaD -) decay to r(t)=0.

Such a model accounts qualitatively for the difference (and anisotropy) curves

presented in this paper. The precise form of these decay curves depends on

the actual orientation of transition dipoles and the rates of rotational

diffusion. These parameters can be determined from the double exponential

fits as discussed in following sections of this paper.

The unpolarized fluorescence decays from both S(t) and magic angle

measurements of all samples were well described by single exponential

kinetics. A comparison of these two methods for the 85% solution is given in

figure 4. The fluorescence lifetimes given in Table 1 are the average values

of all measurements on a given sample. Our ability to obtain good fits for

these curves indicates that the wavelength dependent response of our

photomultiplier is well accounted for by the "time-shift" parameter introduced

in equation 9. The fluorescence lifetimes are essentially independent of

solution composition and viscosity. The average lifetime (4.77±0.05 ns) is in

excellent agreement with the value obtained by Brand et al. 1 5 for perylene in

pure glycerol (4.7±0.1 ns) and has been shown to be independent of

temperature (over the range 10-400C).

A summary of- our anisotropy measurements is giver. in Table 1. These

parameters are derived from those obtained for D(t) and S(t) as follows:

D(t) = d 1e-t/Tl + d 2 * e- t/2 ; S(t) = s0e- t/f

r(t) = dlIsoexp(-t(1/T lI/rf) 4cl/3exp(-t(l/T2 -1/f )

= r 1 exp(-tTlrot) + r 2 exp (-t/T2 rot) (15)
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The pre-exponential lifetimes and rotational lifetimes given in equation 15 can

be compared with those given by the two exponential model (equation 7) to

determine the rotational diffusion rates D and D as well as the relative

orientation of the transition dipoles in perylene.

4.2 Freexponential factors/orientation of transition dipoles

The data in Table I show that r1 and r 2 are essentially independent of

solvent composition. This supports the model described by equation 7 which

shows the pre-exponential factors to depend only on properties of the solute

(directions of absorption and emission dipoles) and to be insensitive to

solvent viscosity, temperature, composition, etc. The limiting anisotropy

(r(0) = r 1 +r 2 ) obtained in our experiments (average = -0.157±0.011) compares

well with steady state measurements on frozen solutions with viscosities

sufficiently high to prevent rotational diffusion. For example, r(0) = -0.149

for perylene in glycerol at -78')C and with an excitation wavelength of
25

256 nm. The r(0)'s should be compared with a limiting anisotropy of -0.200

for absorption and emission polarizations which are exactly orthoganol ( AE =

900). In the abserce of other depolarizing effects, our value of r(0) (rI+r2 )

leads to fAE =78±29. ¢AE also can be directly calculated by comparing our

r2(-0.233±0.006) with the r2 given in equation 7. This gives AE = 71±10.

It appears, therefore, that perylene's absorption and emission dipoles

are not orthogonal for excitation at 257 nm. It is important to note,

however, that limiting values of r(0) (e.g., 0.400 for colinear dipoles, -0.200

for perpendicular dipoles) are rarely obtained, even wlen the excitation and

emission involve the same lchctronic transition. It has been suggested
2 9 ' 3 0

that rapid (subnanosecond) internal motions, e.g., low frequency torsional

vibrations ("librations") provide additional depolarization mechanisms which
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might not be directly observed on nanosecond time scales and which also

might not be quenched in low temperature, "rigid" environments. This

possibility finds some support in picosecond anisotropy measurements which

have recovered r(O) = 0.40 in* several systems. 3 0
'

3 1 If these effects are

present in our experiments they might be corrected for by calculating AE

from the ratio of r 2 and r I rather than from their absolute values (note that

rl<0.10 and this cannot be rationalized by nonorthogonal dipoles--see equation

7). This gives r 2 /r 1 = 3 cos 2 0AE and for our data leads to cos 2 AE =

-1.01 or AE " 900. If this result is correct, then the absolute values of our

pre-exponential factors may be systematically low. However, -. l4tho&_gh- e-r

-p- - " g may be system4.atijcaly-4ow. it is important to stress

that 0AE = 900 is rather unlikely. Whereas, the strongly allowed S0 -S 1

transition is most likely due to a linear transition dipole, the relatively weak

absorption at 257 um probably involves vibronic coupling with other electronic

states. This would lead to mixed polarization throughout the absorption

band. These effects are clearly evident in plots of anisotropy as a function

of wavelength. 1 3 For A>360 nm the anisotropy is relatively high and

constant. In the region of the 257 nm absorption, however, the anisotropy is

very sensitive to wavelength and it is unlikely that r=0.20 at 257 nm or any

other wavelength. It thus seems reasonable to conclude that 70°<0 AE 9 0 0

with a better specification of this angle awaiting shorter time scale anisotropy

measurements.

4.3 Rotational Correlation Times/Diffusion Coefficients

The rotational correlatioi times indicated in Table I can be related to the

rates of rotation about the symmetry axis (D| 1 ) and about any perpendicular

axis (D) Use of a "cylindrical" model (i.e., symmetry axis is C_ rather
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than C2 ) is justified both by the good fits to equation 7 and the large
19

differences between D,, and D . Following Small and Isenberg , we might

consider the case of rotation about two perpendicular in plane axes (e.g. ,x

and y) where the rotation ratds differ by a factor of two. Even in this case

(certainly an exaggeration for perylene), the rotational decays (see equation

6) would be governed by D, and thus will give rise to no more than three

discernable decay times (the cylindrical case). The further restrictions

brought about by the in plane orientation of the transition dipoles further

simplify the anisotropy decay to the two exponential model given in equation

7.

The rotational diffusion rates can be calculated from rotational correlation

times given in Table I:

Tlrot = (6D )-1 and T rot = (2D + 4D
1 j.. 2 J

The results of these calculations are presented in Table 2. Figure 5

illustrates the viscosity dependence of the diffusion rates.

It is important to note that D11 /D , like r I and r 2 , is independent of

solvent viscosity (D, /DL = 6.7 ± 0.3 for our samples). These pnrameters

thus should prove particularly useful in comparing experimental techniques

and analysis procedures for anisotropy measurements on a variety of perylene

samples. The viscosity independence of D /D shows that the in-plane and

out-of-plane rotations are equally affected by changes in solvent environment.
This clearly would not be the case if D were well described by "slipping'

boundary conditions as opposed to the "sticking" boundary conditions

appropriate to D . 1 4 , 1 5 , 3 2 Both motions must require displacement of solvent

molecules as is most clearly Acen in a comparison of diffusion constants

associated with free rotation (D '- 10 1 1 see - 1) with those obtained here (D

10
7 -0

8sec-).
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4.4 Summary of Anisotropy Parameters for Perylene

A tabulation of D /D values obtained using several measurement

techniques and analysis procedures is given in Table 3. The parameters from

earlier, steady state studies'1 3 1 4 tend to be less accurate than those from

time-resolved measurements. 15-17,33This reflects the inherent difficulties in

extracting time. dependent information from steady state data. D /D values

from several time-resolved stuidies (Zinsli, et al. 16 Barkley, et al.,15 and

the present work) and from a recent phase modulation study (Lakowicz et

al. 1 7 ) are in general agreement. These studies also demonstrate that D /D

is essentially independent of both solvent viscosity and temperature.
Comhinations of solvents and temperatures which change D and D.L by more

than two orders of magnitude have no perceptible effect on their ratio. Any

discrepancies betwee. Dt /DL's from different studies, therefore, must arise

from differences in the methods by which these parameters are obtained.

The generally good agreement in the rotational correlation times and

diffusion rates contrasts the equally striking (lisparity in values given for the

pre-exponential. factors. These factors are considerably more sensitive to the

quality of data and analysis procedures and thus provide a natural focal point

for comparing lifferent methods used for studying fluorescence anisotropy.

The pre-exponential factors should be completely specified by properties of

isolated perylene molecules (i.e. , the relative orientations of the absorption

and emission transition dipoles) and should be -&c- to solvent,

temperature, or the procedures by which these parameters are obtained.

Comparing pre-exponential factors from different experiments is somewhat

complicated by the wavelength dependence of these numibers (see equation 7).

Previous experiments, however, fall into two distinct groups: those in which

perylene is excited into the lowest energy absorption band (r(O)'0.400 and
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OAE ' 0) and those in which excitation is into the spectral feature centered at

256-257 nm (r(0) > -0.200 and * AE ' 900). The first set of experiments all

involve excitation in spectral regions (X>350nlm) where r(0) is wavelength

independent 13and should lead to common prvexpoi*ential values. These

measurements along with data for short wavelength excitation conditions are

suimmarized in Table 4.

Zinsli's temipcrature dependent prccxponentials airise from a Imodel 1

which superimposes temperature dependent, librational motions (cf. the low

frcquency , torsional motions discussed in section 2.4) onl thle rotational

diffusion model employed in this aind other studlies. The simpler. (double

exponential model accounts for the observed kinetics and temperature

indlependence of the preexponentials over the 10-400C range investigated.

Librational motions of perylene may well be important , (e.g. , in explaining

r(0)'s < 0.400 for long wavelength excitoition of perylene) Ibut appear to

reqiire a model dIifferent from that proposed by Zinsli.

G'raitton, Lackowicz and others 17343 recently hanve Applied

inultifrequency , phase moodulationi techniques to the measurement of

multiexponential anisotropy (decays. In the case of perylene 7, rotational

correlation times and dliffusion rates are comp~arable to those dletermained by

tirac-resolved miet hods . Pre-exponlentil faictors obtainled by t liese two

methods, however,* are ziot in good agrreioent . Thle ratio, r 2 /r, , (leterirlied

by modulation techniques l7 eads to 0 AF 290) which is (ce. .ly inconsistent

with the expected colinearity of absorption and ewis-ion dipoles for excitation

into perylerie's lowest energy ibmwoption band. Alt hougl frequIency -domain

techkniqutes show Cons iderlible 0j1, omi se for uniiraveling complex (rnultiexjioneot ia]

and neriexlpolent ial) anisot ropy deccays , more work: is zwoded to reconcile

these initial results withl thlose obtaiiwed from time dlomain nieasuireu-.ent s
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The anisotropy parameters (rotational diffusion rates and pre-exponential

factors) of Barkley et al. 15 are in relatively good agreement with those of the

present investigation. Any comparison, however, must consider some

fundamental differences in the' analysis procedures employed in the two

studies. The apparent use of Poisson distributed weights, rather than the

weights given by equations 12, 13, and 14 must lead to systematic errors in

fits to D(t), S(t), and r(t). This can be illustrated by comparing fits to

simulated S(t) and D(t) curves using correct and incorrect (Poisson)

statistical weights (Table 5). The simulated parameters (which duplicate

those we have obtained for perylene) can only be recovered by using the

proper weights. The use of Poisson statistics makes little difference in

fitting S(t). For fits to D(t), however, these weights lead to systematic

errors in the relevant parameters. The pre-exponential factors are

particularly sensitive, e.g., r 2 /r I changes from -2.9 to -2.0 in changing from

the correct weights (equation 13) to the Poisson weights used in the earlier

work. Such differences may contribute to the apparent discrepancies between

rl ,r 2 , and r 2 /r 1 values obtained in the two studies.

The "global analysis" procedures employed by Barkley et al. 10,15 also

require comment. The anisotropy parameters were obtained by simultaneously

fitting (ecay data obtained at two excitation wavelengths

r(t) = re -t/¢1 + r 2 e- W 2 ex = 430 nm

r(t) = rIe t/€1 -r2e t/2 ex = 256 nm

I

The rotational .orrelation times, t 1 ard f2' should indeed be independent of

the wavelength used for excitation. On the other hand, equation 7 shows
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that r 2 (430) = -r 2 (256) if and only If 0AE( 4 3 0 ) = 0AE(25 6 ) t 71/2. Excitation

at either wavelength results in the same emission dipole (S 1  S 0 ). We thus

can express the restrictions expressed in the above pair of equations as

OA (430) = fA(256) ± /2 where *A is the relative orientation of the (in-plane)

transition dipoles for the two absorptions.

This restriction would be satisfied if the 430 nia absorption (S 0 + S1 )

were long axis (y) polarized and if the 256 nm absorption (S o + Sn ) were

short axis (x) polarized. The first of these conditions may well be attained.

There is less justification for the 265 nrn absorption being perfectly, short

axis polarized. The steady state polarization (and anisotropy) of perylene

depends on eycitation wavelength for absorption in the 256 nm region. 13 The

ibsorptions are sufficiently weak to implicate the mixed polarizations

associated with vibronic coupling as discussed in section 4.2. That *A( 4 3 0 ) 4

A ±(256) ± r/2 also is suggested by the pre-expo|rential factors obtained by

lharkhey et al. (r 2 =- 0.24 and r 2/r =-2.4 versus r 2 = -0.30 and r 2 /r I = -3.0

for short axis absorption followed by long axis emission). "Global analysis"

clearly provides a useful aqpproach for cises in which there are known,

verifiable relationships between different decay curves, e.g., in

simultaneously fitting lL (t) ard l_(t). In the present situation, however,

the assumption that r 2 (430) = r 2 (256) may place artificial restri'tions on these

parameters.

5. Conclusions

The fluorescence anisotropy of perylene in solutions of glycerol/wvater is

well described by a bi-exponttial model. For excitation at 257 nm,

r(t) = (0.077±0.006)exp(-t(6D)) - (0.233±0.006)exp(-t(2) 44D )) (16) A

double exporiential model should be rigorously correct for rotations in
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molecules with cylindrical symmetry (i.e., possessing a C_ axis) and with

electronic transitions polarized in the plane perpendicular to the C_ axis. 5,6

The first of these conditions is effectively met19 by the comparable rotational

diffusion rates about any of the in-plane axes (e.g., D xD -- see figure 1).x y

The second requirement is satisfied by the ''ni* transitions monitored in this

experiment.

The above equation appears to describe perylene for a broad range of

solvent viscosities and temperatures. 1 5 Although D and D depend on solvent,

D1/D I is constant (\7/1), indicating that the in-plane and out-of-plane

rotations are equally affected by changes in environment. Both rotations

must displace solvent molecules )thus blurring the distinction between

"sticking" and slipping" often applied to the two motions.1 4 ' 1 5 ' 3 2 In contrast

to the rotational diffusion rates, the pre-exponential factors are insensitive to

solvent, being completely specified by the relative orientation of electronic

transition moments. 5 ,6 Our results indicate that the absorption and emission

dipoles are displaced by at least 700. Orthogonal dipoles cannot be excluded,

but there is little evidence from this or other studies to support such a

conclusion.

The experiments establish a physical basis for the bi-exponential model.

The primary purpose of this study, however, is to establish

perylene/glycerol/water as a potential standard for time-resolved anisotropy

measurements which cannot be simply described by single exponential

kinetics. Our samples provide several advantages:

1. The components are readily available and can be used without

futher purification.
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2. Tile photophysical properties of perylene are well understood and

lead to straightforward interpretation of the parameters describing

the bi-exponential anisotropy decay.

3. The apparent constanhy of r I , r 2 , and D1 /DLover a range of

solvent compositions and temperatures means that the results

expressed by equation 16 should be applicable to both longer and

shorter (subnanosecond) time scales.

4. The pre-exponential factors, unlike the more easily measured

rotational correlation times, are particularly sensitive to

experimental techniques and analysis procedures.

The anisotropy parameters (r 1 , r 2 , and Dn , and D!) were obtained by

separately deconvolving properly weighted sum and difference curves and

then reconstructing the anisotropy according to the two exponential model.

This procedure reduces the number of parameters in the least squares

analysis, a critical simplification for systems exhibiting multi or

non-exponential kinetics. Other analysis techniques, e.g., the simultaneous
11 , 0

analysis of parallel and perpendicular decays and "global" analysis, may

well have advantages, but these may not be realized for complicated

anisotropy decays such as those of perylene.

Our analysis focuses on the relevant differences between the parallel and

perpendicular decays. Individual decays and to be dominated by changes

due to the fluorescence lifetime. Goodne . of f.. calculations thus may be

less sensitive to parameters governing tit. anisotropy and may depend on the

fitting range employed, especially when the anisotropy decays more quickly

than the fluore.,cnce. It alsc should be stressed thait shnulatneous fitting

and "global analysis" will be advantageous only if the relationships between

the various decay curves are well -established. Simultaneous analysis of
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parallel anid perpendicular decays obtained under identical eation conditions

clearly is justified. On the other hand, the simutlt aneou s fitting of

.anisotropics obtained ait different excitation wavelengths may well put artificial

restroints on the parameters cktracted from such fits.

Improvements in time-resolved fhiorescerice techniques have pushed

anisotropy mieasuiremients beyond the determination of single, average

correlation times. M~ovemnits of miacromioleciiles in solution have been shown

to involve non-exponential and riulti-exponential atnisotropy decays.

Consid'erable theoretical effort has provided mlodlels for tire restricted motion

of membrane probes, 7 the internal motion of bioplolymers, 8, arid tire

rot ational motionr of unsymmretrical fluoropliores . 6The samples describ~ed in

this paper may lead to a critical comp~arison of the methods and models by

which these complicated motions can be micasured and undlerstood.
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